Infection of soybean plants with Soybean mosaic virus (SMV), which is transmitted by aphids and through seed, can cause significant reductions in seed production and quality. Because seedborne infections are the primary sources of inoculum for SMV infections in North America, hostplant resistance to seed transmission can limit the pool of plants that can serve as sources of inoculum. To examine the inheritance of SMV seed transmission in soybean, crosses were made between plant introductions (PIs) with high (PI88799), moderate (PI60279), and low (PI548391) rates of transmission of SMV through seed. In four F 2 populations, SMV seed transmission segregated as if conditioned by two or more genes.
Infection of soybean plants with Soybean mosaic virus (SMV), which is transmitted by aphids and through seed, can cause significant reductions in seed production and quality. Because seedborne infections are the primary sources of inoculum for SMV infections in North America, hostplant resistance to seed transmission can limit the pool of plants that can serve as sources of inoculum. To examine the inheritance of SMV seed transmission in soybean, crosses were made between plant introductions (PIs) with high (PI88799), moderate (PI60279), and low (PI548391) rates of transmission of SMV through seed. In four F 2 populations, SMV seed transmission segregated as if conditioned by two or more genes.
Consequently, a recombinant inbred line population was derived from a cross between PIs 88799 and 548391 and evaluated for segregation of SMV seed transmission, seed coat mottling, and simple sequence repeat markers. Chromosomal regions on linkage groups C1 and C2 were significantly associated with both transmission of isolate SMV 413 through seed and SMV-induced seed coat mottling, and explained ≈42.8 and 46.4% of the variability in these two traits, respectively. Chromosomal regions associated with seed transmission and seed coat mottling contained homologues of Arabidopsis genes DCL3 and RDR6, which encode enzymes involved in RNA-mediated transcriptional and posttranscriptional gene silencing.
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Soybean mosaic virus (SMV), a member of the family Potyviridae of plant viruses, can cause significant yield losses and reductions in seed quality in soybean (Glycine max (L.) Merr.) (29, 31) . In addition to being transmitted by multiple species of aphids, SMV, like ≈15% of plant virus species, is transmitted through seed at rates of 0 to >40% depending on the virus isolate and soybean genotype (7, 21, 32) . In North America, SMV rarely infects alternative host species, and seedborne infections are the primary sources of inoculum for SMV infections (29) . In soybean, at least three loci (Rsv1, Rsv3, and Rsv4) condition resistance to infection by SMV (9, 41, 48) . Resistance to SMV in plants expressing alleles of Rsv1 or Rsv3 is strain specific, and some combinations of resistance gene alleles and SMV isolates show necrotic hypersensitive responses in infected plants (9, 13, 24) . The Rsv4 locus produces seedling resistance to most SMV isolates but systemic symptoms can appear as plants mature (27) . Combinations of SMV resistance loci yield complete resistance to most SMV isolates (50, 62) . Because some soybean genotypes showed high levels of resistance to seed transmission of all SMV isolates tested (7, 21) , resistance to transmission of SMV through seed may provide a strategy to limit the pool of plants that can serve as sources of inoculum and, thereby, reduce the incidence of disease.
In most plant-virus systems analyzed, seed transmission is dependent upon both host and virus genotypes (37) . Host genetics of seed transmission has been examined in at least three systems. In an F 2 population of a cross between susceptible and resistant barley (Hordeum vulgare (L.)) lines to seed transmission of Barley stripe mosaic virus (BSMV), resistance to seed transmission segregated as a single recessive gene (11) . In contrast, Wang and Maule (70) observed a near-continuous distribution of seed transmission rates for Pea seed-borne mosaic virus (PSbMV) in F 2 populations of crosses between two pea (Pisum sativum (L.)) cultivars. Similarly, resistance to seed transmission of Alfalfa mosaic virus (AMV) was controlled by multiple genes in a quantitative manner in an F 2 population derived from two Medicago murex (L.) accessions (54) .
In plants infected with PSbMV, a Potyvirus sp. related to SMV, seed transmission results from direct invasion of developing embryos through a transient symplastic pathway that connects the base of the suspensor to the developing embryo (59) . Multiple studies have suggested that RNA silencing and trafficking are involved in limiting virus movement through the suspensor and into embryos. For example, coat protein and helper component/ protease (HC-Pro) are determinants for seed transmission of PSbMV (38) . HC-Pro is a multifunctional protein that facilitates aphid and seed transmission and long-distance movement and is a potent suppressor of RNA silencing (3, 18) . RNA silencing is a sequence-specific process of regulating the abundance of RNA transcripts in eukaryotic cells that also serves as an adaptive antiviral defense in plants (19) . During virus infections, RNA silencing is activated by double-stranded RNA (dsRNA) (5) . Sequence specificity of RNA silencing is imparted by multiple classes of short (21 to 24 nucleotides) interfering RNAs (siRNAs) produced from virus dsRNA by RNase III-type enzymes called dicer-like (DCL) proteins in plants (5) . One strand of each siRNA is combined with argonaute (AGO) proteins into RNA-induced silencing complexes (RISCs) and direct degradation of complementary viral RNA sequences (5) . In addition, host RNA-dependent RNA polymerase 6 (RDR6) is required for production of secondary siRNAs, which are the primary effectors of RNAmediated antiviral defenses in plants (71) .
The lack of seed pigmentation in most cultivated soybeans is conditioned by alleles at the I locus, which suppress the accumulation of chalcone synthase (CHS) mRNAs in seed coats by RNA silencing (61, 67) . Different alleles of the I locus contain inverted repeats of the entire CHS gene cluster, convergently transcribed CHS genes, or inverted repeats of individual CHS genes that produce dsRNAs that lead to the production of siRNAs and RNAmediated tissue-specific silencing of CHS genes and loss of pigmentation (16, 39, 68) . SMV infections often induce mottling of soybean seed coats in a host and virus strain-specific manner. The mottling of soybean seed coats in plants infected with SMV results from partial suppression of RNA silencing of the CHS mRNAs by SMV HC-Pro (61) . In a related phenomenon, soybean plants that are exposed to low temperatures (≈15°C) during flowering show similar patterns of seed coat mottling that also are dependent upon the I locus that results from inhibition of RNA silencing at low temperatures (39) .
Strain-line interactions in seed transmission and seed coat mottling suggest that there are very specific interactions of virus and host components in movement of SMV into soybean embryos and suppression of silencing. To examine the genetics of resistance to seed transmission of SMV in soybean and establish systems to study the interactions between host and virus factors in seed transmission, the inheritance of SMV seed transmission was investigated. Candidate gene analysis showed that genes associated with RNA silencing were located within the chromosomal regions significantly associated with SMV seed transmission and seed coat mottling.
MATERIALS AND METHODS
Virus strains and plant materials. Three field isolates of SMV (413, 746, and 88799), which are transmitted through seed at rates ≤40% depending on the soybean cultivar, and three soybean plant introductions (PIs) with high (PI88799), moderate (PI60279), and low (PI548391) incidence of SMV seed transmission were used in these studies (21) . For studies with F 2 populations, SMV isolates were maintained by seed transmission in PI229358. For analysis of seed transmission in the recombinant inbred line (RIL) population, a full-length infectious clone of SMV 413 was constructed. Briefly, SMV 413 virions were purified (25) and virus RNA was extracted; reverse transcribed with SuperScript II (Invitrogen, Carlsbad, CA) and an oligo(dT) primer (5′-gagagagaggtcgacttttttttttttttttttt-3′); amplified using iProof high-fidelity DNA polymerase (Bio-Rad, Hercules, CA), the oligo(dT) primer, and 5′-gtgtggtacctaatacgactcactatagaaattaaaactactcataaagacaac-3′ (T7 RNA polymerase promoter underlined); and cloned into pCR TOPO4 (Invitrogen). The sequence of the infectious clone was determined (GenBank accession number GU015011). Inoculum for the RIL population was prepared from systemically infected leaves of soybean seedlings inoculated with capped in vitro transcripts synthesized with the mMESSAGE mMACHINE Kit (Ambion, Austin, TX) (20) .
Segregation of SMV seed transmission. Segregation of SMV seed transmission was assayed in four F 2 populations derived from one cross between PI60279 and PI88799 (41 plants) and three crosses between PI548391and PI88799 (43, 56, and 96 plants). F 2 seedlings from PI60279×PI88799 and PI548391× PI88799 were inoculated with SMV 746 and grown to maturity in the field; F 2 seedlings from crosses of PI548391×PI88799 were inoculated with SMV 413 or SMV 88799 and grown to maturity in the greenhouse. A population of 148 F 6 RILs was planted in the field in a randomized complete block design with four replications and inoculated with SMV 413 (inoculum prepared from plants inoculated with infectious in vitro transcripts) at growth stage V2. SMV infections were confirmed either by tissue-blot immunoassay (46) or double-antibody sandwich enzyme-linked immunosorbent assay (Agdia, Elkhart, IN). Plants that were negative in immunoassays were reinoculated with SMV and reassayed for virus infection. For all crosses, seed transmission rates were determined by planting ≤108 seeds from each SMVinfected plant in 72-well polystyrene trays containing soilless mix (Sunshine Mix LC1; Sun Gro Horticulture Inc., Bellevue, WA). SMV infections were detected by tissue-blot assay or visual inspection of seedlings beginning at 10 days after planting. For the RIL population, seed were visually evaluated for percent nonmottled seed and the color of seed coat mottling (black or brown).
Marker analysis. For analysis of RILs, DNA was extracted from leaves pooled from 12 F 7 seedlings using Qiagen (Valencia, CA) Plant mini DNA kits. DNA was extracted from parental lines and evaluated with 492 simple sequence repeat (SSR) primer pairs. DNA from 148 RILs from crosses between PI88799 and PI548391 were analyzed with 116 polymorphic SSR markers as described by Wang et al. (69) . In regions proximal to loci significantly associated with SMV seed transmission where none of the previously reported SSR markers were polymorphic, additional primer pairs (Gm04_067, 5′-tggattttactggccttcca-3′ and 5′-aatgctgaaaatgcctgagc-3′; Gm04_119, 5′-tccttcgaggcacaatcttt-3′ and 5′-ggccttcgataaaatgcaaa-3′; Gm04_476 Gm04_507, 5′-tggagcctttgatagcatga-3′ and 5′-tgatgaatttgtccaggtttt-3′; Gm04_5807, 5′-atgaggtggtgatgatacatgc-3′ and 5′-tcatactgtgtcgtttgtgtcg-3′; Gm04_6579, 5′-cgggccacaataacaaaatc-3′ and 5′-atgtagtaatgcggcgtcct-3′; Gm06_134, 5′-tcccaaatggtccttaaagtaaga-3′ and 5′-ccctgagttggtatattttcacc-3′; Gm06_427 5′-attggtccctacacatctccac-3′ and 5′-gcaatccttaatcatccaccat-3′; Gm06_573 5′-gcttcccacgactcaaaaac-3′ and 5′-tgggcattgtcagcttgtta-3′; and Gm06_598 5′-tatgaacaaaaggcgcacac-3′ and 5′-tcacgattagaccgaccctaa-3′) flanking SSRs in the soybean genome (60) were selected using WebSat (51) . Relative positions of markers were confirmed using MapMaker/EXP 3.0b (43) . Quantitative trait loci (QTL) were identified by inclusive composite interval mapping (44) as implemented in QGene 4.0 (36). Genome-wide significance log likelihood ratio (LOD) thresholds at an α = 0.05 confidence level were determined for each trait using 1,000 iterations of permutation analysis (15) . Epistatic interactions between loci were evaluated using QTL Network 2.1 (72) at a significance level of P = 0.05.
Candidate gene analysis. Amino acid sequences of Arabidopsis thaliana genes reported to be involved in transcriptional and posttranscriptional gene silencing (AtAGO1 [NP_849784], 
To determine nucleotide sequences of the coding regions of Glyma04g06060, Glyma04g07150, and Glyma06g07250 from PI548391 and PI88799, total RNA was extracted from trifoliolate leaves of PI548391 and PI88799 using a Qiagen RNeasy Plant Mini Kit, reverse transcribed with SuperScript II, and amplified using iProof high-fidelity DNA polymerase and 5′-tatct gtgggtcatcttgctat-3′ and 5′-gagagagctctaactagaagggagaggatcaatttc-3′ for Glyma04g06060 and 5′-gagaggtaccatggacttagaag gaagtgaaaaggg-3′ and 5′-gagagagctcttataacctttcagatagatactttgc-3′ for Glyma04g07150 and Glyma06g07250. Because amplifications of Glyma04g06060 produced single bands, polymerase chain reaction (PCR) products were sequenced directly. For Glyma04g07150 and Glyma06g07250, PCR products were cloned into pCR TOPO4 and at least two clones were sequenced from each soybean line for each gene. Sequences were assembled and single-nucleotide polymorphisms (SNPs) were identified using Sequencher 4.10.1 (Gene Codes, Ann Arbor, MI).
RESULTS
Segregation of transmission of SMV through seed in F 2 populations. As previously reported (7, 21) , virus isolate × line interactions were observed in SMV seed transmission in preliminary studies with four F 2 populations (Fig. 1) . In all F 2 populations, most plants showed no or very low SMV seed transmission. Multiple soybean genes appeared to be required for susceptibility (i.e., high rates) to SMV seed transmission. The progeny of F 2 plants derived from crosses between PI60279 and PI88799 and between PI548391and PI88799 that were inoculated with SMV isolates 413 and 88799 showed near-continuous variation for seed transmission of SMV (Fig. 1C to E) . In contrast, the progeny of F 2 plants from the cross between PI548391 and PI88799 that were inoculated with SMV isolate 746 showed discontinuous variation in seed transmission of SMV (Fig. 1A and  B) . Because of the quantitative nature of the trait, F 3 plants from crosses between PI548391 and PI88799 were advanced by singleseed descent to generate a population of RILs for further analyses (see below).
Segregation of color of seed coat mottling in RILs. To verify the mapping techniques used in this study, seed coat color, which is conditioned by the R locus (66), was evaluated along with SSR markers in the RIL population. Color of seed coat mottling (black versus brown) segregated in a 3:1 ratio (91 black to 42 brown; χ 2 = 0.080, P = 0.78) in the RIL population and mapped proximal to Sat_293 on linkage group (LG) K, which is ≈2 centimorgans from the R locus. These results confirm the segregation and mapping of this classic genetic locus in the RIL population.
QTL analysis of SMV seed transmission and SMV-induced seed coat mottling. Parental lines PI548391 and PI88799 were evaluated for polymorphisms with 421 previously mapped microsatellite markers (17) and 71 markers designed from the soybean genome sequence. From these, 116 were polymorphic and were scored in the RIL population. Permutation analysis identified a LOD significance threshold of 2.9 at an α = 0.05 confidence level for SMV seed transmission. In all four replications of the analysis of the RILs, two chromosome regions proximal to Sat_337 (LOD 11.7) on LG C1 (chromosome 4) and Satt227 (LOD 4.2) on LG C2 (chromosome 6) showed significant associations with seed transmission of SMV. The LOD values were highest with the data averaged over the four replications (Fig. 2) . The two loci explained 42.8% of the variability in seed transmission of SMV. An interval on LG F proximal to Satt522 was associated with transmission of SMV through seed but, at a LOD of 2.5, it was below the significance threshold (data not shown). The percentage of nonmottled seed was associated with the same loci on LGs C1 (LOD 6.8) and C2 (LOD 10.0) (Fig. 2) . The two loci explained 46.4% of the variability in SMV-induced seed coat mottling. Significant epistatic interactions were not detected between loci for either trait. Additional loci with LOD values of 2.4 and 2.8, both below the threshold value, were detected on LGs H (proximal to Satt192) and O (proximal to Sat_274), respectively (data not shown). Because of the lack of polymorphic previously described SSR markers proximal to initially significant loci, 10 new SSR markers (Gm04_067, Gm04_119, Gm04_476, Gm04_507, Gm04_5807, Gm04_6579, Gm06_134, Gm06_427, Gm06_573, and Gm06_598) were identified from the soybean genome sequence and used to narrow the intervals (Fig. 2) . The interval on LG A2 containing the I locus had maximum LOD scores of 0.8 for seed transmission and 1.5 for percent mottled seed, indicating that, in this cross, the I locus did not significantly affect either trait.
Candidate gene analysis. Seed transmission and seed coat mottling mapped to similar locations in the soybean genome and both phenomena have been linked to RNA silencing but did not map proximal to SMV resistance genes Rsv1, Rsv3, or Rsv4, which are located on LGs F, B2, and D1b, respectively (27, 33, 74) . A soybean homologue of Arabidopsis DCL genes was positioned within the significant interval on LG C1 (Glyma04g06060) and homologues of Arabidopsis and N. benthamiana RNA-dependent RNA polymerases were positioned within the significant intervals on LG C1 (Glyma04g07150) and LG C2 (Glyma06g07250) (Fig. 2) . Consistent with G. max being a paleopolypoid (56), the soybean genome contained seven DCL genes, two each related to DCL1, DCL2, and DCL4, but only one complete homologue of DCL3 located between markers Sat_337 and Gm04_476 on LG C1. A second unannotated partial DCL3 homologue was located on chromosome 6 between positions 4,325,041 and 4,330,228, between markers Gm06_427 and Gm06_573 (Fig. 3) . The soybean genome contained seven RNAdependent polymerase genes. Phylogenetic analysis showed that the two genes on LGs C1 and C2 were most closely related to AtRDR6 and NbRDR6.
Nucleotide sequences of the predicted coding regions of Glyma04g06060, Glyma04g07150, and Glyma06g07250 were determined from PI548391 and PI88799 from cDNAs amplified from total RNA. SNPs were detected between the two soybean lines in each of the cDNAs that would produce amino acid sequence differences in the corresponding proteins (Table 1) . Nucleotide sequences of the predicted Glyma04g06060 coding regions from PI548391 and PI88799 differed at one position in each of the two regions that encode RNAse III domains of the DCL3 protein. The SNP at position 3,190 of the Glyma04g06060 coding region resulted in a Cys to Arg amino acid difference between the two soybean lines in the first RNAse III domain. The predicted coding sequences of Glyma04g07150 and Glyma06g07250 each differed at three positions between PI548391 and PI88799, which resulted in two and one amino acid sequence differences in the encoded proteins, respectively. At all nucleotide positions where the sequences of PI548391 and PI88799 differed in the three coding regions, the sequence of PI548391 was the same as that of the soybean genomic sequence, which was generated from 'Williams 82'. Like PI548391, Williams 82 shows very low levels of transmission of SMV through seed (data not shown). These data support the hypothesis that Glyma04g06060, Glyma04g07150, and Glyma06g07250 are involved in seed transmission of SMV.
DISCUSSION
In this study, we showed that transmission of three SMV isolates through seed was inherited as a polygenic trait, which is similar to results obtained for PSbMV in pea and AMV in Medicago spp. (54, 70) . We identified two chromosomal regions significantly associated with SMV seed transmission and SMVinduced seed coat mottling on soybean LGs C1 (chromosome 4) and C2 (chromosome 6) that contained soybean homologues of Arabidopsis genes DCL3 and RDR6, both of which are involved in RNA silencing. Finally, we identified SNPs between soybean lines with low and high rates of transmission of SMV through seed in the predicted coding regions of the DCL3 (Glyma04g06060) and RDR6 (Glyma04g07150 and Glyma06g07250) homologues that would lead to amino acid sequence differences in the encoded proteins. BLAST searches of expressed sequence tag databases found multiple hits for homologues of DCL3 (Glyma04g06060) and RDR6 (Glyma04g07150 and Glyma06g07250) in short-read cDNA libraries prepared from globular embryos and suspensor cells of soybean and Scarlet Runner bean (Phaseolus coccineus (L.)) (e.g., GenBank accession nos. GD479958, GD903060, GD915397, GE040483, and GD688502). These findings are consistent with reports that have demonstrated associations between RNA silencing and movement of virus into embryos at very early developmental stages. DCL and RDR proteins also function in antiviral defenses, as is illustrated by the observations that mutations in DCL and RDR genes confer sensitivity to Cabbage leaf curl virus, Cucumber mosaic virus, Tobacco mosaic virus (TMV), and Turnip crinkle virus (10, 53, 57, 71) .
The two intervals containing the QTL for seed transmission and seed coat mottling are very broad and contain many other genes. For example, the intervals on C1 and C2 both contain genes (Glyma04g05580 and Glyma06g05580) that are predicted to encode ATP-dependent DEAD-Box RNA helicases. DEAD-Box RNA helicases have been shown to be involved in embryo-specific cellto-cell transport (63) . The two intervals also contain homologues (Glyma04g05210, Glyma04g06810, and Glyma06g06890) of the Z. mays KNOTTED1 gene. KNOTTED1-like proteins are involved in formation and maintenance of shoot apical meristems, increase size-exclusion limits of plasmodesmata, transport RNA to distal cells, and facilitate cell-to-cell movement of TMV in tobacco (26, 73) . In addition, QTL for days to maturity (45), internode length (47) , and cleistogamy (40) mapped proximal to one of the two intervals.
The propagation of RNA silencing through plants involves short-and long-distance movement of diffusible silencing signals, which recently were shown to be siRNA duplexes (22) . For shortdistance movement, siRNA duplexes move 10 to 15 cells from the point of initiation through plasmodesmata. For long-distance movement, siRNA duplexes move through the vascular system. In Arabidopsis, DCL3 and RDR6 are involved in perception of the systemic silencing signals (8) . DCL3 produces an RNase-III-type endonuclease that cleaves dsRNA into 24-nucleotide (nt) siRNAs that mediate RNA-directed DNA methylation and transcriptional silencing (12) . RDR6 is required for production of secondary siRNAs (30) . The finding that HC-Pro prevents plants from perceiving the systemic silencing signal but does not inhibit production of the signal (49) suggests that HC-Pro interferes with processes that involve the activities of DCL3 or RdR6, which is consistent with the results reported here.
SMV isolate-soybean line interactions in seed transmission phenotypes suggest that specific interactions between virus and host factors are required for efficient transmission of SMV through seed, which may explain the recessive nature of the trait. Fig. 3 . Phylogenetic analysis of soybean candidate genes associated with loci for Soybean mosaic virus seed transmission and seed-coat mottling. Predicted amino acid sequences of A, dicer-like (DCL) proteins and B, RNA-dependent RNA (RDR) polymerases from Arabidopsis thaliana (At), Glycine max (Gm), and Nicotiana benthamiana (Nb) were aligned using ClustalX and neighborjoining phylograms constructed using MEGA4. Class designations of soybean candidate genes were inferred by nearest-neighbor analysis of multiple alignments of predicted amino acid sequences. Amino acid sequences for A, AtSGS3 and B, AtNRPD1a were used as outgroups. Significant bootstrap values are indicated as percentage of 1,000 iterations that supported that node. It should be noted that it is possible to separate seed transmission and seed coat mottling phenotypes. For example, PI88799 produced heavily mottled seed when infected by SMV strain G2 but showed very low seed transmission (21) , which indicates that suppression of RNA silencing alone is not sufficient for embryo invasion. HC-Pro binds 21-nt siRNA duplexes most efficiently when complexed with as-yet-unidentified host factors (42) . HC-Pro interacting proteins have been identified in other systems (4, 14, 23, 34, 35) , one of which, NbrgsCAM (2) , is a plant suppressor of RNA silencing. None of those proteins had soybean homologues within the significant intervals on LGs C1 or C2. To identify the soybean genes required for seed transmission of SMV 413, it will be important to further narrow the intervals containing the genes-possibly through additional fine mapping in populations segregating individual loci or using association mapping of the traits in the soybean accessions from the United States Department of Agriculture Soybean Germplasm Collection.
